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ABSTRACT
 
 
Traditionally, the onset of fluidization has been examined in the laboratory by observing the 
formation of inflection points atop the descending mudline interface of a batch test.  Recent 
preliminary experiments question the efficacy of inflection points for indicating the occurrence of 
fluidization.  The utility of the mudline interface to uniquely identify the occurence of fluidization is 
examined here.  Alternative ways via laboratory tools are employed to describe the temporal and 
spatial characteristics of fluidization.      
 Detailed controlled experiments are performed for a pure kaolinite-water mixture under 
different initial concentrations and initial suspension heights. Analysis of the experimental results 
show that the onset of self-weight fluidization occurs in the early stages of a test, and not within the 
second falling rate region as other researchers have reported.  Formation and upward propagation of 
fluidization pipes, typically with a diameter of 0.5-5 mm, are recorded. These findings agree with 
other results reported in the literature.   
 To further examine the propagation of fluidiation pipes through cohesive sediment layers a 
new experimental design is implimented. Preliminary results are discussed herein.  
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1. INTRODUCTION 
 
1.1 Definitions 
 
Fluidization of sediment is a naturally-occuring phenomenon commonly found in geologic mass 
flows (Best, 1989), tidal flats (Dionne, 1973; Lee and Mehta, 1997), or in conjunction with volcanic 
or seismic activity (Mount 1993).  It is generally defined as the process where fluid is forced upward 
through a grain mass until the downward-acting immersed particle weight is balanced by the fluid 
drag. A similar process is found to occur during the sedimentation process and is referred to as self-
weight fluidization. Self-weight fluidization is also known in the literature as channeling or fingering 
flow (Allen, 1982) and may occur during the collapse of a sediment layer under its own weight as 
fluid is squeezed out from within the interstices of the sediment.  A ubiquitous feature of fluidization 
is the formation of vertical fluid channels, known also in the literature as fluidization pipes, vents, or 
elutriation pipes. 
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 Knowledge of the location and time that fluidization pipes occur within a sedimentation layer 
is of high importance as it may be found to affect cohesive yield strength of sediment, bed surface 
roughness, material properties of sediments such as permeability and void ratio, and near bed 
turbulence characteristics in natural settings. Pipe formation and propagation has also been found to 
affect, under some conditions, the sediment properties of the consolidating layer and/or the settling 
rate of the falling material. (e.g. Doheim et al., 1976; Concha and Christiansen, 1986; Rasul et al., 
2000). Fluidization, in general, may generate distinctive structures, grain size sorting, and density 
segregation effects within the sediment layer, as observed in various laboratory and field studies 
(Best, 1989; Druitt, 1995).   
 
1.2 Literature Review 
 
Up to the present day, the self-weight fluidization process has been mainly investigated in the 
laboratory by performing batch sedimentation tests under controlled conditions (e.g. known or 
prescribed soil properties, pH, and temperature) (Roche et al., 2001).  A variety of cohesive 
materials have been experimented with in laboratory conditions including calcite (Vesilind and 
Jones, 1993; Holdich and Butt 1995b),  iron oxide (Glasrud et al 1993), silty mud (Been and Sills, 
1981), and volcanic material (Roche et al., 2001; Druitt, 1995).  
 In general, researchers have pointed to the mudline interface variation with time (batch curve) 
as an indicator of the occurrence of self-weight fluidization (e.g. Vesilind and Jones, 1990; Fitch, 
1993). According to Been (1980), Vesilind and Jones (1993), Fitch (1993) and Holdich and Butt 
(1995b), during batch sedimentation tests of different slurries, short, upward-moving channels were 
observed. With the meeting of the ascending zone of channels and the descending mudline interface, 
a concomitant increase in the interfacial (mudline) settling velocity was observed, and therefore an 
increase in the flux of the settling material (Vesilind and Jones, 1993). A conceptual sketch 
illustrating the effects of self-weight fluidization as described by Vesilind and Jones (1993) is shown 
in Figure 1. Case 1 in Figure 1a refers to a sedimentation test in the absence of self-weight 
fluidization, and depicts typical mudline interface vs. time, sediment-suspension interface vs. time 
(L-curve), and velocity vs. time curves.  Case 2 in Figure 1b refers to a sedimentation test with self-
weight fluidization. 
 
 
 
Figure 1 Schematic figures of batch and velocity vs. time curves, with and without fluidization 
(after Vesilind and Jones (1990)). 
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According to Vesilind and Jones and others, when fluidization is present, a pronounced 
inflection point is formed in the descending mudline interface between the first and second falling 
rate regimes, and the flux curve obtains a doubly-concave shape (C–D), indicating an increase in the 
rate of settling of material relative to Case 1.  Other researchers (e.g. Gaudin et al., 1959; Cole, 
1968), noticed no inflection point at the mudline interface despite recording the eruption of small 
flocs.  Recently, Maxwell et al. (2003) performed a series of batch settling tests for a kaolinite 
sediment mud and found that during self-weight fluidization, no inflection point was recorded in the 
mudline interface curve.  The study of Maxwell et al. (2003) confirmed the findings of Gaudin et al. 
(1959) and noted that formation of fluidization occurred in the early stages of a test, and not within 
the second falling rate region as other researchers have reported (e.g. Vesilind and Jones, 1990).  
They also noted that it is possible that fluidization may occur at the bottom of the cylinder but the 
channels may never reach the mudline interface.  As a result no inflection points will form at the 
mudline interface despite the occurrence of fluidization.   
The above literature review suggests that while the majority of research completed in the area 
of self-weight fluidization agrees with the notion that batch sedimentation tests may be the best 
approach in examining fluidization in a controlled environment, the results are inconsistent across 
various studies.  There are several possible elements contributing to these inconsistencies.  
 The fact that in some cases during self-weight fluidization no inflection point was recorded in 
the mudline interface curve, it raises questions about the efficacy of the mudline interface to detect 
such fluidization.  Is the mudline interface a “sensitive” enough tool to capture the effects of self-
weight fluidization? Or do more sensitive technologies need to be considered to detect the 
occurrence of fluidization throughout a sedimentation column? 
 The latest advances in digital camera technology and image processing and analysis allow use 
of such technology to study processes such as fluidization in a great detail in space and time (e.g. 
Zhu et al., 2000).  Gamma radiation techniques could also minimize subjectivity in the reported 
results with accurate depiction of the variation of the mudline interface with time, especially in cases 
where visual means cannot provide adequate resolution (e.g., Been, 1982). 
 The focus of this study is to provide a methodological design that does not hinder 
understanding of fluidization and allows a quantitative description of fluidization and its features.  
The objective of this research is threefold: First, to examine the existing governing equations and 
constituitive relations of the process in order to gain insite on methods to quantitatively describe 
self-weight fluidization.  Second, to examine the efficacy of “traditional” means, i.e. formation of 
inflection points atop the mudline interface, to uniquely define the onset of fluidization. Third, to 
discuss laboratory methods to be implemented for describing fluidization in ongoing and future 
studies.  
 
1.3 Governing Equations 
 
The governing equations used to describe the process of self-weight fluidization during 
sedimentation are traditionally derived in light of the following considerations:  
1) The medium is granular and exhibits elastic properties, described by the constitutive equations of 
Tiller and Khatib (1984). 
2) The settling and consolidation processes occur at the particle assembly level (macroscale level) 
rather than the particle level (microscale level). 
3) Fluidization commences when mechanical parting of particles is present, viz. the effective or 
normal contact stress is equal to zero (e.g. Jackson, 2000).  
The mass balance equation for a two-phase material (i.e., solid and liquid) is given as follows: 
 
 
uf + uss = g(t) (1) 
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where uf and us are the pore fluid velocity and solids settling velocity, respectively. s and  are the 
volume fraction of solids and porosity of the sediment respectively. The relation between the volume 
fraction of solids, s, volume fraction of fluid, , and void ratio, e for fully saturated two-phase 
material is: 
 
 
s =
1
1+ e  (2) 
 
  + s =1 (3) 
 
 The bottom of the column is considered impermeable; therefore, a non-slip condition for both 
the fluid and solids should be satisfied.  In addition, assuming that there is no production of mass 
due to external sources or internal mechanisms, the flux of depositing sediment should be equal to 
the flux of the upward moving fluid, thus g(t) = 0.  Accordingly, Equation (1) reduces to:   
 
 
uf + uss = 0 (4) 
 
 The difference in the mass of fluid flowing in and out of the boundary of the control volume of 
the soil slurry is equal to the mass that is stored within the control volume itself.  For 1-D conditions, 
the continuity of fluid within the control volume is given by: 
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Similarly, the continuity of solids within the control volume is:  
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where t denotes time and x is the distance along the vertical axis. 
 The balance of static forces on a control volume within the sediment layer fixed in space is 
expressed by: 
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 (7)
   
where ' is the effective stress that exists between solids; P is the fluid pressure exceeding the 
hydrostatic pressure that exists within the sediment layer; f is the unit weight of fluid; and s is the 
unit weight of solids. 
 The modified Darcy’s law in (8) relates the gradient of the pressure across the fluid to the 
relative solids-fluid settling velocity, (uf  - us) as: 
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where μ is dynamic viscosity of the fluid, and K=kμ/f is the intrinsic permeability with k being the 
hydraulic conductivity. 
 Combining Equations (7) and (8) results in: 
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 Substitution of the solids settling velocity, us, in terms of the fluid velocity, uf, using the mass 
balance equation (Equation (4)) in the above equation and rearranging leads to: 
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 Substituting (3) into (10),  
 
 
uf = 	s  s   f( ) 
 '
x
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K	s
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such that upward fluid velocity uf (which is minimum fluidization velocity) is a function of three 
variables, namely, the effective stress (), the volume fraction of solids (s) and the intrinsic 
permeability (K).  In order to solve the Equation (11) for uf, constitutive relations between volume 
fraction of solids, intrinsic permeability, and effective stress are required.   
 Such constitutive relations are provided by Tiller (1981) and Tiller and Khatib (1984), which 
were developed based on a large number of settling tests in slurry columns.  These relations were 
found to be useful for stress levels less than 10 atm. Here, volume fraction of solids, s and intrinsic 
permeability K are related to the effective stress,  as follows: 
 
 
s = so 1+
 '
 a '
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
  (12) 
 
 
K = Ko 1+
 '
 a '
 
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  (13) 
 
where so and Ko are the null stress volume fraction of solids and intrinsic permeability at the top of 
the sediment column, and a is the vertical asymptotical effective stress, which is a measure of the 
degree of the solids compressibility (Tiller and Khatib, 1984). The ratio 1/a is defined as . The 
empirical parameters ,  and  in Equations (12) and (13) indicate the degree of compressibility of 
the sediment layer (Tiller and Khatib, 1984).  The following empirical equations were proposed by 
Tiller and Khatib (1984) to calculate  and . 
 
 
 = 3.08(0.65 so)4.0
 = 5.19(0.65 s)2.68   (14) 
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  and  typically vary in the range of 0.0 - 0.5 and 0.0 - 3.0 respectively.  These empirical 
relations were developed from the regression analysis of several data points obtained from 
consolidation tests of 39 different materials including attapulgite, latex, perlite, calcium carbonate, 
and kaolinite. It is therefore thought reasonable to utilize these relations in the governing equations 
in order to describe the behavior of kaolinite fluidization during sedimentation. 
 
2.  METHODOLOGICAL DESIGN 
 
The methodological design involved the following steps: 1) Selection of the material; 2) 
Development of an experimental protocol and; 3) Performance of detailed fluidization tests through 
repeated runs. 
1) The sediment used in this study is prepared from dry kaolin powder (Hydrite PX, Georgia Kaolin 
Company) with typical median particle size of 0.68mm and specific gravity of 2.6. Kaolinite is a 
1:1 clay mineral consisting of layered tetrahedral (typically silica) and octahedral (typically 
alumina) sheets, bonded by hydrogen bonding between hydroxyl and oxygen ions of adjacent 
layers, as well as van der Waals attraction. Due to these bonds, kaolinite is a stable clay mineral 
(van Olphen, 1977), with low cation exchange capacity (CEC) and surface area (McBride, 1994). 
As kaolinite layers tend to not separate except in “extremely polar solvents,” it should give well-
defined, repeatable results for settling and consolidation. Kaolinite has also been widely used in 
laboratory studies (e.g. Michaels and Bolger, 1962; Cole, 1968; Dell and Kaynar, 1968; 
McConnachie, 1974; Austin and Challis, 1998), and thus a range of literature for qualitative 
comparison exists. 
2) Qualitative preliminary sedimentation tests are performed at initial concentrations of 10, 25, 50, 
and 75g/L using visual observations, in order to gain familiarity with the procedure and 
approximate the time of occurrence of self-weight fluidization. It is observed from these 
experiments that fluidization is present in all cases with the formation and propagation of 
channels being prominent at the early part of the runs.  No inflection points are recorded atop the 
mudline interface despite the complete upward propagation of channels in some cases.   
3) A matrix of tests is developed for two cases, 75 and 125g/L (Table 1).  These runs are used to 
examine the efficacy of the mudline interface to detect the occurrence of fluidization for different 
mixture heights and to perform observations of the fluidization pipes and of the mudline interface 
by means of a digital camera, naked eye and gamma radiation source through repeated runs. 
 Quantitative measurements are necessary to substantiate the above findings. Quantitative tests 
are performed for two mixtures with concentrations 75 and 125g/L and for different initial 
mixture heights with the aid of advanced instrumentation. A Sony DFW-X700 digital camera 
equipped with an optical zoom macro lens is used to capture images of the sedimentation process, 
in order to complement the gamma system readings with respect to the mudline height variation 
with time.  Fluidization activity is captured at the highest possible frame rate (15 frames per 
second at 1024x768 resolution), while overall mudline settling is captured at much longer 
intervals (10 minutes to 1 hour, depending on the region of the mudline and concentration of the 
test).  The camera is controlled by intervalometer software which captured each image with a 
time stamp at specified intervals.  Frame sequences are analyzed using the FlowJ plug-in for 
ImageJ developed by Abràmoff et al. (2000) in order to capture mudline height variation.   
 The automated gamma radiation scanning system consists of a 550mCi, Americium (Am-241) 
gamma radiation source (60keV) used to provide the radiation beam, and a Harshaw 6S2/2-X 
NaI(Tl) detector with integrated photomultiplier for detection of the radiation. The signal from 
the detector is amplified and then passed through a single-channel analyzer (Harshaw NC-22) 
operated in windowed mode to filter out noise. Collimation is provided by a lead plate 9.5mm 
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thick with a 6.35mm circular hole for the source beam, and a 0.889 by 36.8mm slit for the 
detector, machined in a 31.8mm deep block of lead. The gamma system results minimize the 
subjective error which is inherent in visual observation of the mudline interface.  Vertical motion 
of the source and detector is provided by a step motor, and measurements are taken at discrete 
points.  A QuickBASIC program controls the stepper motor and gamma counter; the photon 
count is recorded at each specified height, over a two-second interval (the interval was 
determined via a 2 test according to Knoll (1979)) beginning at a specified time. The time 
between traversals is set at a time interval of 10–20 minutes, depending on the total traverse 
time, and a given test could last up to three weeks.  By examining profiles and comparing with 
visual observation, the spatial accuracy of the system is ±1mm at a 5mm scan interval, with 
respect to determining the location of the mudline interface.  The system is calibrated before each 
experimental run by mixing suspensions of known solids content and recording the gamma count 
rate; these data are then fit to an equation of the form  
 
  s = K1e
K2I K3 (15) 
  
where s is the volume fraction of solids and K1,2,3 are constants which describe the attenuation 
characteristics of the material.  Error of 3–5% of volume fraction of solids is typical, and is 
highest at very low volume fractions, due to the statistical nature of radiation interactions. 
 
3. EXPERIMENTAL PROCEDURE 
 
The tests are performed in clear graduated sedimentation columns constructed of cast acrylic tubing, 
140mm ID by 152mm OD.  According to Cole (1968), diameter (wall) effects are minimal for this 
size and larger diameter columns. The tallest column used here is 2m and the shortest is 0.25m in 
height.  Tap water of near neutral pH (7.6) is used.  Prior to testing with the gamma system, it is 
necessary to calibrate the equipment with known concentrations of kaolinite in water. After 
calibration of the gamma equipment, the settling column is carefully cleaned, and steps are taken to 
ensure that all equipment are ready to start as soon as the clay-water suspension is prepared. For a 
specified initial concentration, the appropriate volume of water is measured, using a settling column 
as a graduated cylinder. Likewise, the appropriate mass of kaolin powder is weighed, and placed in 
the mixer. In each of these tests, dry kaolin powder is mixed with tap water for a minimum period of 
five minutes. For all runs a propeller mixer is used for stirring the kaolin-water suspension following 
the methodology of Cole (1968). The mixer uses a 1725RPM motor to drive a 95mm propeller; due 
to the size and speed of this system, it is necessary to mix the kaolin-water suspension in a separate 
container in order to avoid breaking the batch acrylic cylinder.  A small rotary vane pump is then 
used to transfer the suspension from the mixer to the settling column; a process which was 
completed in a trivial amount of time.  A similar procedure has been followed by Jones (1986).   
 In order to determine if weathering of the kaolinite particles occurred during the mixing 
process, particle size analyses are performed (using a Mastersizer, Malvern Instruments Ltd., 
Worcestershire UK) on samples mixed for 5, 10, 15, and 20 minutes; no significant difference in 
particle size was observed by varying the mixing duration. 
 
4. RESULTS 
 
Table 1 summarizes results of the experiments which are performed at initial concentrations of 75 
and 125g/L. For the sake of brevity, the remaining tests performed in the course of this study (at 
initial concentrations of 10, 25, and 50g/L) are not presented; however, it must be noted that the 
results of the 75g/L tests are typical of the results of the other tests performed under similar 
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conditions. In Table 1, “so” refers to initial volume fraction, “Co” refers to initial concentration, 
“Ho” refers to initial height, “so” is the average initial settling velocity determined from the gradient 
of the linear increment of the mudline interface, “Tp” is the time spent in the initial (linear) rate 
period, and “Measure” indicates whether purely visual measurement or/and the gamma system was 
used.  
 
Table 1 Summary of experimental results 
 
so Co (g/L) Ho (mm) so (mm/s) Tp (s) Measure 
0.03 75 250 0.024 5000 Visual/-rad 
0.03 75 500 0.018 16,000 Visual/-rad 
0.03 75 1000 0.023 27,000 Visual/-rad 
0.03 75 1500 0.024 38,000 Visual/-rad 
0.05 125 500 0.011 16,500 -rad 
 
 Visual monitoring of the sedimentation process for the 75g/L and 125g/L tests from the side 
wall and the top of the sedimentation column via digital camera confirm the formation of 
fluidization pipes (vents) and remnant structures in the wall and top of the sediment layer. Formation 
of the pipes is detected from the side of the column during the early stage of both the 75g/L and 
125g/L tests (within the first half hour of the test). The diameter of the pipes ranges from 0.5–5mm 
over the course of the test, with size decreasing as the test progresses and the sediment layer is 
consolidating under its own weight. Most of the pipes appeared to be part of a “dendrites” structure, 
which indicates that flow dissipates as the water rises through the clay interstices to the top. Similar 
observations have been made for flows through different porous media by Blunt (2001).  
 Unique to the 125g/L tests is the formation of remnant volcano-like structures which are 
observed at the end of the test atop the sediment layer at the fluidization pipe’s exit into the 
overlying fluid. A photograph of a remnant volcano, taken when the mudline interface is at 210mm 
is shown in Figure 2 as a clear example of the remnant volcanoes from the self-weight fluidization 
process. Remnants of air bubbles (pockets) are also visible on the mud surface, despite degassing 
with the vacuum system prior to the test although they are not a prevalent feature. 
 
 
 
Figure 2 Photograph of a remnent volcano in pure kaolinite. Initial concentration of  
125g/L, initial height of 500mm; scale markings visible in lower-left corner are 1mm apart. 
 
 Investigation of the fluidization microfeatures is complemented with observations of the batch 
curves of tests at all concentrations to demonstrate the efficacy of these curves for detecting 
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fluidization.  Figure 3 summarizes the results of all of the tests conducted. 
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Figure 3 Mudline interface curves for for all tests performed at initial height of 150cm. 
 
5. DISCUSSION 
 
Upon examination of Table 1 it is immediately obvious that both visual and gamma measurements 
of the mudline interface are nearly identical (less than 6% difference). This agreement between 
methods establishes confidence in the measurement methods employed.  
 The plots in Figure 3 indicate the following: Despite the presence of ubiquitous fluidization 
pipes propagating upwards during the tests, no inflection points are recorded in the mudline. As a 
result, no increase in the localized settling velocity is recorded for the kaolinite cases reported 
herein. This finding is contrary to the finding of Vesilind and Jones (1990) and Holdich and Butt 
(1995a), who suggested that fluidization channels increase the settling velocity of a calcium 
carbonate slurry with initial concentrations of 400g/L. This discrepancy may be attributable to the 
fact that the above investigators used calcite slurries rather than the kaolinite used in the present 
study. Regardless of the reason, the finding of this study suggests that in general the mudline 
interface cannot be used to detect self-weight fluidization.  
 It is apparent from the original derrivation and from these constitutive relations that additional 
experimentation is essential in order to better-quantify the fluidization process in cohesive 
sediments. A fitting approach to further-quantify this fluidization phenomenon is to isolate the 
phenomenon into a very controlled condition and obtain specific measurements of the unknown 
variables from Equation (11).  
 In order to isolate the fluidization phenomenon, a preliminary set of experiments has been 
performed whereby water is forced upward through a layer of kaolinite slurry resulting in occurrence 
of fluidization as evidenced by structures such as vertical vents and remnant volcanoes. Results from 
these preliminary experiments are displayed in Figures 4-6. One of the difficulties addressed during 
these experiments is interference of the column wall with the phenomenon. As such, optimal 
flowrate, solids concentration, and column height are determined in terms of whether or not the 
fluidization phenomenon is interrupted by the wall. Once optimal values are determined, a series of 
ten consecutive experiments is repeated under identical conditions in order to verify that the 
experimental design will consistently produce the fluidization phenomenon. The success of 
repeatability is 80% under the determined conditions. 
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Figure 4 Interference versus column height for inflow rate of 10mL/min and concentration of 
400g/L. 
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Figure 5 Interference versus inflow rate for column height of 40mm and concentration of 400g/L. 
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Figure 6 Interference versus concentration for inflow rate of 10mL/min and layer thickness of 
40mm. 
 
 The final step is to capture quantitative parameters which may be used to describe the 
fluidization phenomenon, such as change in excess porewater pressure, total pressure, and fraction 
of solids fluctuation occurring during the tests.  
 It is possible, through use of pressure transducers, to obtain real-time data for excess porewater 
pressure fluctuation P which could be used in conjunction with measurements of total stress and 
solids concentration to solve for effective stress. Also, through use of image analysis, flow velocity 
through fluidization vents may also be verified. A schematic of the proposed experimental design is 
shown in Figure 7.  
 
 
Figure 7 Schematic of proposed experimental design. 
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6. CONCLUSIONS 
 
This investigation provides a methodological design that advances understanding of self-weight 
fluidization in the laboratory and allows for quantitative description of fluidization and its features.  
Quantitative tests are performed for two pure kaolinite-water mixtures with concentrations 75 and 
125g/L and for different initial mixture heights with the aid of advanced instrumentation. Analysis of 
the experimental results shows that the onset of self-weight fluidization occurs primarily in the early 
stages of a test, and not within the second falling rate region as other researchers have reported.  
Visual observations of the fluidization features throughout the tests indicate the formation of a 
dendritic structure of fluidization pipes. The formation of the network of pipes is indicative of the 
dissipative nature of flow throughout the interstitial porous media (Blunt, 2001). The initial 
concentration of the mixture appears to affect the size of the pipes and the size of the volcano-like 
structures. The 125g/L mixture had more clearly distinguishable crater volcano-structures 
comparatively to the 75g/L. The effects of fluidization pipes on the mudline interface are not 
detectable. As a result, no increase in the localized settling velocity is recorded for the kaolinite 
cases reported herein. This finding is against the finding reported by other researchers who 
suggested that fluidization channels increase the settling velocity of a calcium carbonate slurry with 
initial concentrations of 400g/L. Perhaps this is attributable to the fact that the above investigators 
used calcite slurries, rather than the kaolinite used in the present study. The plots of the interfacial 
settling velocity with time also do not provide any clear indication about the onset of fluidization. 
A limitation of this work is that it does not focus on the microstructure of sediment but looks on bulk 
parameters to define the onset of fluidization.  To address this limitation, a new experimental design 
is proposed which is aimed at obtaining a quantitative description of the fluidization process. 
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